ABSTRACT: Magnetic excitation of the iron-based superconductor parent compound BaFe 2 As 2 at finite temperature are addressed with a first-principles formulation of the Helmholtz energy, which can account for the finite temperature mixture of many magnetic configurations. We find that it is the spin exchange coupling in the interplane c direction that dictates the spin density wave ordering. We have also quantitatively predicted the pressure dependence of the spin density wave ordering temperature, the Schottky anomaly, and the temperature dependence of thermal populations of several low-energy spin configurations, all in agreement with available experimental data.
Introduction

B
aFe 2 As 2 [1] [2] [3] is one of the most investigated parent compounds among the newly discovered iron arsenide superconductors [4] whose superconductive mechanism cannot be understood based on the BCS theory [5] . A variety of properties of BaFe 2 As 2 have been measured, including the pressure effects [6, 7] , the inelastic neutron scattering experiments for magnetic ordering and spin-density-wave (SDW) energy gap [8] [9] [10] [11] [12] [13] [14] , Fermi surface [9] , doping effects [2, 3, 8, 15, 16] , electrical resistivity and susceptibility [17] , and the phonon and thermodynamic properties [1, 2, 18] . There have also been many theoretical attempts to understand BaFe 2 As 2 , including that by Singh [19] within local-density approximation, that by Lorenzana et al. [20] under Hartree-Fock approximation and Landau theory, and that by Zbiri et al. [18] and that by Yildirim [21] for lattice dynamics without considering the thermodynamic or magnetic fluctuations. However, there has been lacking of thermodynamic formulation, which takes into account the magnetic excitations at finite temperatures. A clear distinction must be made here between the paramagnetic phase and the nonmagnetic phase. In the paramagnetic phase, Fe atoms possess local spin moments although disordered while in the nonmagnetic phase there are no local spin moments at Fe sites at all. In a series of works, an attempt has been made by us to develop a first-principles finite temperature thermodynamic framework [22, 23] for a system with itinerant magnetism. In this work, we show the application of our framework to BaFe 2 As 2 .
Definitions and Basic Formulas
We treat BaFe 2 As 2 as a system at constant volume V and temperature T with itinerant collinear magnetism. Let us use N to represent the total number of atoms in the system and N m to represent the number of lattice sites with local spin moments (or equivalently, magnetic moments) in the system. When we limit our consideration to the magnetic structures that are just distinguished by spin up and spin down distributions among the magnetic lattice sites, such a system will give rise to 2 N m magnetic structures. Furthermore, let us use the term spin configuration r to index those magnetic structures that are not equivalent each other by space group operations. According to our framework [22, 23] , counting all possible spin (up and down) distributions among the magnetic lattice sites, the partition function of the system, Z, can be written as:
where b ¼ 1/k B T, w r is the multiplicity of the spin configuration r, and F r (N, V, T) is the Helmholtz free energy of the spin configuration r. Note that we have completed the summation over all vibrational and electronic states confined to the spin configuration r. This makes it immediately apparent that Z r is the partition function of the spin configuration r, and x r ¼ w r Z r =Z is its thermal population. We note here that it is the multiplicity w r that mainly dictates the temperature dependence of x r . This can easily be understood by the fact that if we merge w r into the exponential part in Eq. (1) 
We calculate F r (N, V, T) using the following equation [22] 
where E r c is the 0-K static total energy, F r v the vibrational free energy, and F r el the thermal electronic free energy.
We treat BaFe 2 As 2 with an orthorhombic a Â b Â 2c 40-atom supercell. Even considering only the collinear spin up and down flips of the 16 Fe atoms (i.e., N m ¼ 16), we get 65536 ( 2 16 ) magnetic structures. However, within the temperature range considered in this work, most of the 65,536 configurations can be ruled out due to their high energies. It has been seen from the literatures [25] [26] [27] [28] [29] that the low energy spin configurations must be the superstructures of that of the two-dimensional antiferromagnetic stripe phase [21] (Hereafter abbreviated as 2D-stripe) where within the ab plane a stripe-like Fe spin ordering pattern appears which breaks the four-fold rotational symmetry, whereas the nearest-neighbor Fe spins along the c axis are parallel [26] . For example, up to date the only other possible low energy configuration is that of ''Checkerboard,'' which is higher than that the 2D-stripe configuration by 89 meV for a four chemical formula cell as calculated by Yildirim [21] . As a result, out of the 65536 configurations, only 13 low-energy spin configurations are derived from the 40-atom supercell. Together with their multiplicities, the 13 spin configurations account for 256 spin up and spin down distributions.
For the convenience of discussions below, the 13 derived spin configurations are labeled as 
Numerical Results and Discussion
To calculate the 0 K energies, we use the projector-augmented wave (PAW) method [32, 33] within the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [34] as implemented in the VASP package [32, 33] . A plane wave cutoff of 348.2479 eV and a 6 Â 6 Â 4 C-centered k-point mesh are used. The energies are converged to 10 À6 eV. Total energies are calculated at 10 different volumes by a volume step of 4.5%. At each volume, both the cell shape and internal atomic positions are relaxed. At any arbitrary volume, Morse function [35, 36] is used to interpolate and smoothen the 0-K total energy curves. For the lattice vibration, we find that the Debye-Grü neisen approach [35, 36] (4) follows the previous work [22, 37, 38] . [10] . The calculated volume is larger than the measured one by 2%, which is typically acceptable considering the overall overestimation of volume by the GGA functional [39] . The calculated supercell equilibrium volumes for the other 12 spin configurations are $1 Å 3 within that of the SDW-AFM configuration. Figure 2 that the ground state is SDW-AFM, in agreement with existing measurements [30, 31] . We find that the first excited state is STR6398 with $26.4 meV higher than the ground state. We note that the spin configuration STR6398 [see Fig. 1(c) ] is the result of the simultaneous spin flipping of one of the four Fe layers of that of SDW-AFM in c direction. STR6398 cannot be expressed by a single commensurate spin wave state. Therefore, it is not surprising that the calculated excitation energy of $26.4 meV from SDW-AFM to STR6398 is different from the observed SDW excitation gap of $10 meV [8, 9, 12, 40] , which might be the result of long range interaction, which cannot be considered in the present work. It is further seen that from Figure 2 the energies of most of spin configurations studied in this work are lower than that of the 2D-stripe configuration. In fact, Figure 3 shows that the thermal population of the 2D-stripe configuration is rather small. This somewhat raises a doubt about all the existing theoretical models based on the 2D-stripe configuration. Therefore, the magnetism in BaFe 2 As 2 is more appropriately categorized as anisotropic three-dimensional as that found in CaFe 2 As 2 [41] and in SrFe 2 As 2 [42] . This is in disagreement with the measurements of anisotropy of resistivity and susceptibility in highquality single crystal by Wang et al. [17] who show that BaFe 2 As 2 is quasi-two-dimensional. However, the recent laser angle-resolved photoemission spectroscopy (ARPES) measurement by Shimojima et al. [43] suggests that Fermi surface of BaFe 2 As 2 is highly three-dimensional in antiferromagnetic state. In addition, the measured anisotropies of electrical resistivity, upper critical field, London penetration depth, and critical currents of slightly Cobalt doped BaFe 2 As 2 by Tanatar et al. [44] show that iron pnictide superconductors manifest anisotropies consistent with essentially three-dimensional intermetallic compounds. Furthermore, the ground state magnetic configuration of BaFe 2 As 2 is undoubtedly three-dimensional [8, 14] , indicating that two-dimensional models cannot accurately describe it. Figure 3 depicts calculated thermal populations (x r ) of the 13 spin configurations as a function of temperature. For comparison, the experimentally measured (1, 0, 3) magnetic peak intensity [10, 14] of the SDW-AFM configuration as a function of temperature is also shown. Our theory predicts very well the measured data by Huang et al. [10] . From Figure 3 , it is seen that the thermal population of the SDW-AFM configuration decreases fast above 50 K. This indicates the start of magnetic phase transitions.
It is seen from
From Eq. (3), the magnetic specific heat because of the thermodynamic fluctuations among many magnetic configurations can be derived as [23, 24] 
; (5) with the internal energy given by E r ¼ F r þ TS r and the entropy of spin configuration r given by (5) is a generalization of the Schottky specific heat anomaly for a two-state system [24] . Figure 4 shows our predicted temperature evolution of the magnetic specific heat. For comparison, we also plot the measured magnetic specific heat that we have extracted from the measured total specific heat by Ni et al. [2] and the lattice specific heat by Mittal et al. [1] using the lattice dynamics approach in fitting the measured phonon density-of-states. We clearly see a peak along the magnetic specific heat curve at [10] . The squares are the measured (1, 0, 3) magnetic peak intensity of the SDW-AFM configuration by Su et al. [14] .
$100 K, which demonstrates a Schottky anomaly, which is within the measured SDW ordering temperatures of 80-150 K [1-3, 10, 14] . It should be noted that the 40-atom supercell used here is not large enough to fully account for the long range interactions, such as those among magnetic dipoles. Figure 5 shows the calculated SDW ordering temperature (T SDW ) as a function of pressure. The theoretical T SDW is selected when the thermal population of the SDW-AFM spin configuration is decreased to 50%. In comparison, the measured T SDW by Fukazawa et al. [7] are also plotted in Figure 5 . The characteristic temperature T* is evaluated at the thermal population of the SDW-AFM spin configuration equal to 99.99%. Both show remarkable agreement with experimental data.
Conclusions
In summary, we studied the magnetic excitation of the iron-based superconductor parent compound BaFe 2 As 2 with addressing the finite temperature mixture of many spin configurations using our recently developed approach for a system with itinerant magnetism. Treating BaFe 2 As 2 with an orthorhombic a Â b Â 2c 40-atom supercell, we have calculated the energies of 13 low energies spin configurations, which account for 256 spin up and spin down distributions. Under the framework of itinerant collinear magnetism, it is found that the energies of most of spin configurations studied in this work are lower than that of the widely used 2D-stripe configuration in the literatures, which means that the spin exchange coupling in the interplane c direction dictates the spin density wave ordering. Furthermore, with a first principles formulation of the Helmholtz energy, which can account for the finite temperature mixture of many magnetic configurations, we have quantitatively predicted the pressure dependence of the spin density wave ordering temperature, the Schottky anomaly along the heat capacity curve, which is within the measured SDW ordering temperatures of 80-150 K, and the temperature dependence of thermal populations of the 13 spin configurations, all in agreement with available experimental data. Our approach is applicable to many other highly correlated magnetic systems.
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